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Introduction
Autophagy is a major cellular process, conserved in eukaryotic cells, that mediates bulk degradation of cytoplasmic proteins and organelles in response to starvation (Ohsumi, 2001; Klionsky, 2007; Nakatogawa et al., 2009) . Autophagy is also involved in various cellular functions, including development, intracellular quality control, tumor suppression, and stress responses (Levine and Klionsky, 2004; Mizushima, 2005; Rubinsztein, 2006; Mizushima and Levine, 2010) . Upon induction of autophagy, a cup-shaped membrane structure called the isolation membrane emerges in the cytoplasm, expands to sequester the cytoplasmic materials, and finally, seals to become a double membranebound autophagosome, which fuses with the lytic compartment, either a vacuole or lysosome (Levine and Klionsky, 2004; Klionsky, 2005; Nakatogawa et al., 2009) .
Previous studies using yeast have identified >30 autophagyrelated (Atg) proteins required for several types of autophagy and provided various insights into the molecular basis of autophagosome formation (Ohsumi, 2001; Klionsky, 2005; Nakatogawa et al., 2009 ). However, the most intriguing issues in autophagy remain to be elucidated, namely, the origin of the autophagosomal membranes and the molecular mechanisms underlying autophagosome formation.
Among the Atg proteins, Atg9 is the sole multispanning membrane protein essential for autophagosome formation (Lang et al., 2000; Noda et al., 2000; Young et al., 2006) . In yeast cells, Atg9-GFP can be observed in several punctate structures (Noda et al., 2000; Reggiori et al., 2004) , which are postulated to play a key role in the delivery of lipids required for autophagosome formation. To date, however, these puncta have not been well characterized, and their involvement in autophagosome formation at the preautophagosomal structure (PAS) is still poorly understood. Furthermore, the intracellular behavior of these puncta remains controversial: some studies reported that the Atg9 puncta are adjacent to mitochondria (Reggiori et al., 2005a; Mari et al., 2010) , whereas others reported that the Atg9 D uring the process of autophagy, cytoplasmic materials are sequestered by double-membrane structures, the autophagosomes, and then transported to a lytic compartment to be degraded. One of the most fundamental questions about autophagy involves the origin of the autophagosomal membranes. In this study, we focus on the intracellular dynamics of Atg9, a multispanning membrane protein essential for autophagosome formation in yeast. We found that the vast majority of Atg9 existed on cytoplasmic mobile vesicles (designated Atg9 vesicles) that were derived from the Golgi apparatus in a process involving Atg23 and Atg27. We also found that only a few Atg9 vesicles were required for a single round of autophagosome formation. During starvation, several Atg9 vesicles assembled individually into the preautophagosomal structure, and eventually, they are incorporated into the autophagosomal outer membrane. Our findings provide conclusive linkage between the cytoplasmic Atg9 vesicles and autophagosomal membranes and offer new insight into the requirement for Atg9 vesicles at the early step of autophagosome formation.
Atg9 vesicles are an important membrane source during early steps of autophagosome formation Atg9 exists on 30-60-nm
single-membrane vesicles
To estimate the size of the Atg9 puncta, their diffusion coefficients in cell homogenates were compared with those of monosized microbeads FluoSpheres (Fig. 2 A) . The diffusion coefficients of FluoSpheres (44.1 nm in diameter; Fig. S1 , D and E) were 2.00-2.13 µm 2 /s (Fig. 2, B-D) , and those of the Atg9 puncta prepared from growing cells and rapamycintreated cells were 2.64 and 2.72 µm 2 /s, respectively (Fig. 2,  B and C). (The TOR [target of rapamycin] kinase inhibitor rapamycin was used to induce a starvation-like condition. ) We further observed that the diffusion coefficients of Atg9 puncta were obviously different from those of the organelles, such as the Golgi apparatus (Figs. 2 D and S1 F). The diffusion coefficient is inversely proportional to the diameter of particles according to the Stokes-Einstein relation (Elsner et al., 2003) . Therefore, we estimated that the mean diameters of Atg9 puncta prepared from growing cells and rapamycin-treated cells were 35.6 and 32.6 nm, respectively, by using the diameter of FluoSpheres as a standard.
In addition, we immunoisolated Atg9 puncta using anti-FLAG beads and analyzed them by dynamic light scattering (DLS). By the immunoisolation, Atg9-6×FLAG was recovered in eluted fractions together with nontagged Atg9 (Fig. 2 E,  lanes 6 and 12) , whereas nontagged Atg9 alone was not (Fig. 2 E,  lanes 3 and 9) . The DLS measurement revealed that the isolated Atg9 puncta were present in a single peak at 50-60 nm (Fig. 2 F) . Next, the isolated Atg9 puncta were labeled with an electrondense probe, Qdot, and analyzed by EM. In the EM images, we could observe spherical structures with a diameter of 30-50 nm attached with Qdots ( Fig. 2 G) ; these Atg9-containing structures appeared to be single-membrane vesicles (Fig. 2 H) . From the single-particle tracking, DLS, and EM analyses, we conclude that the cytoplasmic mobile Atg9 puncta are singlemembrane vesicles with a diameter of 30-60 nm; hereafter, we designate them Atg9 vesicles.
We also quantitated the number of Atg9-2×GFP molecules on each Atg9 vesicle, using Cse4-GFP as a standard (Joglekar et al., 2006; Coffman et al., 2011; Lawrimore et al., 2011) . A centromeric nucleosome contains approximately five molecules of Cse4-GFP; thus, a single kinetochore cluster represents 80 molecules of Cse4-GFP ( Fig. 2 I) . The fluorescence intensities of the Atg9-2×GFP vesicles in growing, starved, and rapamycin-treated cells corresponded to 48, 54, and 63 GFP units, respectively (Fig. 2 J) , suggesting that each Atg9 vesicle contains 24-32 molecules of Atg9-2×GFP.
Atg9 vesicles are generated de novo during starvation
We also found that the Atg9 vesicles increased in number during starvation or rapamycin treatment ( Fig. 3 A) . To analyze the biogenesis of Atg9 vesicles, Atg9-2×Kaede cells were treated with rapamycin and UV irradiated to convert Kaede fluorescence from green to red and then subjected to chase incubation ( Fig. 3 B , after UV). During the chase incubation, Atg9 vesicles were newly generated and visualized with green fluorescence. Their distribution was distinct from that of the preexisting puncta are somewhat mobile in the cytoplasm but not ordinarily adjacent to mitochondria (Sekito et al., 2009; Ohashi and Munro, 2010) .
In this study, we developed a high-sensitivity microscopy system that allowed us to precisely analyze the behavior of Atg9-2×GFP. Using this system, we observed that most Atg9 is present on single-membrane vesicles that move the cytoplasm. Our findings will help settle the controversy concerning the intracellular behavior of Atg9 and shed light on the involvement of Atg9-containing vesicles in the process of autophagosome formation.
Results

Atg9-containing structures are highly mobile in the cytoplasm
In yeast cells, Atg9-GFP has been observed on punctate structures in the cytoplasm; however, to date, the motion of these puncta has only been analyzed at relatively low temporal resolutions (>200 ms/frame; Reggiori et al., 2005a; Sekito et al., 2009; Mari et al., 2010; Ohashi and Munro, 2010) that may be insufficient to observe more rapid dynamic behavior. Therefore, we developed a high-sensitivity microscopy system (see Materials and methods) that enabled us to observe the Atg9 puncta with high temporal resolution (10-20 ms/frame). Data obtained using this system clearly revealed that Atg9-2×GFP, which is chromosomally expressed via its own promoter ( Fig. S1 , A and B), forms numerous punctate structures, most of which are highly mobile in the cytoplasm ( Fig. 1 A and Video 1). Furthermore, the localization and motion of these puncta differ from those of the Golgi apparatus, endosomes, and mitochondria ( Fig. 1 B) ; although the Golgi apparatus, endosomes, and mitochondria were immobile within the time span of our observations (unpublished data), the large majority of Atg9 puncta was highly mobile (Video 1).
Next, we analyzed the mobility of Atg9 puncta in atg11 atg17 cells, in which the PAS is not formed because of the absence of scaffold proteins (Cheong et al., 2008; Kawamata et al., 2008) . We collected >300 trajectories by single-particle tracking and subjected them to statistical analysis. Diffusion coefficients were calculated from the mean square displacement (MSD) curves ( Fig. 1 , C-E). The mobility of Atg9 puncta could be roughly classified into two groups: a large population with high mobility and a very small population with low mobility (Fig. 1 F) . These observations confirmed that most Atg9 resides on highly mobile homogeneous structures. In addition, the MSD curves indicated in Figs. 1 E and S1 C could fit with the liner function, which means free diffusion of particles (Anderson et al., 1992) , suggesting that the large majority of mobile Atg9 puncta freely diffused within the cytoplasm. Although actin cytoskeleton has been reported to be involved in the dynamics of Atg9 movement (Reggiori et al., 2005b; Monastyrska et al., 2008) , the motion of Atg9 puncta was not altered even after the treatment with the actin-depolymerizing reagent latrunculin A ( Fig. 1 G and Video 2). Atg9 might interact only transiently with the actin cytoskeleton. in sec7 mutant cells ( Fig. S2 and Videos 3 and 4). In addition, we observed that the Atg9 vesicles are generated normally in vps17 cells and snx4/atg24 cells (unpublished data), which are deficient for retrograde trafficking from the endosomes (Seaman, 2008) . These data suggest that endosome to Golgi trafficking is not required for the generation of Atg9 vesicles and support the model that the Atg9 vesicles are derived from the Golgi apparatus.
Next, we investigated the biogenesis of Atg9 vesicles in various atg mutant cells. Atg9 vesicles were generated normally in the absence of Atg1, Atg2, Atg7, Atg8, or Atg14 (unpublished data), suggesting that these Atg proteins essential for autophagosome formation are not required for the biogenesis of Atg9 vesicles. In contrast, cytoplasmic mobile Atg9 vesicles were severely reduced in atg23 or atg27 cells (Figs. 3 C (red) Atg9 vesicles ( Fig. 3 B, chase) . These results indicate that Atg9 vesicles are generated de novo during rapamycin treatment. Western blot analysis also revealed that Atg9 expression was up-regulated after treatment with rapamycin ( Fig. S3 A) . The increased synthesis of Atg9 vesicles during starvation or rapamycin treatment could contribute to up-regulation of autophagic activity. Previous studies have reported that Atg9-containing structures are generated via the Golgi-related secretory pathway (Mari et al., 2010; Ohashi and Munro, 2010) . We confirmed that Atg9 was partially accumulated at the trans-Golgi network Figure 1 . Atg9-containing structures are observed by high temporal resolution microscopy and analyzed by single-particle tracking. (A) ATG9-2×GFP cells were treated with rapamycin for 2 h and observed by fluorescence microscopy at 20 ms/frame (see also Video 1). Magnified view of the boxed area is shown. (B) ATG9-2×GFP atg11 atg17 cells were treated with rapamycin for 1 h and observed at 30 ms/frame. Anp1-mCherry (Golgi), Nhx1-mCherry (endosome), and Idh1-mCherry (mitochondria) were used as organelle markers. Green fluorescence and red fluorescence were acquired concurrently. (C) ATG9-2×GFP atg11 atg17 cells were observed at 16 ms/frame and subjected to single-particle tracking analysis. (D) Trajectories of the Atg9 puncta indicated in C. (E) 20 examples of the mean square displacement (MSD) curves calculated from traces of Atg9 puncta. (F) Histograms of the diffusion coefficients of the Atg9 puncta observed in cells grown to logarithmic phase (nutrient [Nut.]) or cells starved for 2 h (Stv.). The histograms were fitted to Gaussian distributions; medians of the fitting curves are indicated. The data shown are from a single representative experiment out of two repeats. (G) ATG9-2×GFP ABP140-mCherry cells were treated with 100 µg/ml latrunculin A (LatA) for 20 min and observed by fluorescence microscopy at 32 ms/frame (see also Video 2). (Fig. S1 D) . The histograms were fitted to Gaussian distributions; medians of the fitting curves are indicated at the top. The data shown are ( Fig. S4 B) , which may explain why these cells exhibit normal autophagic activities (Fig. S4 C; Mari et al., 2010) . These results suggest that overproduction of Atg9 leads to the aberrant accumulation of Atg9-containing structures at the Golgi apparatus; therefore, we should use the endogenous promoter to express Atg9-2×GFP for characterization of Atg9 vesicles (and Atg9containing structures).
Cytoplasmic Atg9 vesicles individually assemble to the PAS
To determine whether the Atg9 vesicle itself possesses the ability to localize to the PAS, we analyzed the behavior of Atg9 vesicles in atg1 D211A atg11 cells, in which the PAS is not formed under nutrient-rich conditions (Kawamata et al., 2008) . In response to starvation of these cells, the large majority of Atg9 vesicles accumulated at the PAS (Figs. 4 A, middle; and S5 A) because of the defect in Atg1 kinase activity (Shintani and Klionsky, 2004; Sekito et al., 2009 ). According to the assembly at the PAS, the number of cytoplasmic mobile Atg9 vesicles significantly decreased (Figs. 4 A, middle; and S5 B; and Video 7). Furthermore, in response to readdition of nutrients, the accumulated Atg9 vesicles dispersed immediately, and mobile Atg9 vesicles were again observed ( Fig. 4 A, middle). In contrast, in atg11 atg17 cells deficient for PAS formation, Atg9 vesicles were still mobile even under starvation conditions, and no clusters of them were formed (Figs. 4 A, bottom; and S5 B; and Video 7). These observations explain the transition of Atg9 vesicles from the cytoplasmic pool to the PAS (Reggiori et al., 2004) and suggest that the cytoplasmic Atg9 vesicles assemble individually at the PAS. Furthermore, we occasionally observed in time-lapse videos that a single Atg9 punctum, with fluorescence intensity comparable to a single Atg9 vesicle but smaller than that of a cluster of numerous Atg9 vesicles, such as the Atg9 reservoirs, localized to the PAS (Fig. 4 C and Video 8) . This observation also supports the model that the Atg9 vesicles are able to assemble individually at the PAS.
Atg9 localizes around the autophagosome in ypt7 cells
To address how the Atg9 vesicles contribute to autophagosome formation, we investigated the relationship between the cytoplasmic Atg9 vesicles and autophagosomes. To this end, we analyzed the distribution of Atg9 in ypt7 cells, in which autophagosomes accumulate in the cytoplasm (Kim et al., 1999; Ishihara et al., 2001) . Under nutrient-rich conditions, Atg9 and S3, A-D; and Video 5). In atg23 cells, immobile Atg9containing structures were frequently observed at or near the Golgi apparatus (42%; Fig. 3 C) . In contrast, in atg27 cells and atg23 atg27 cells, Atg9-2×GFP was mislocalized into the vacuolar lumen (Figs. 3 C and S3, E and F), probably via the multivesicular body pathway. Consistent with this, in atg23 atg27 vps4 cells defective of the endosomal sorting complex required for transport pathway (Babst et al., 1997) , Atg9-2×GFP accumulated at the endosomes but not in the vacuolar lumen ( Fig. S3 E) , and the processed GFP moiety was not formed (Fig. S3 F, lanes 4-6) . These mislocalizations could be caused by missorting of Atg9 in the process of vesicle formation via the Golgi apparatus. Although Atg23 and Atg27 have been proposed to be involved in the assembly of Atg9 to the PAS Yen et al., 2007) , our findings suggest instead that Atg23 and Atg27 are involved in the biogenesis of Atg9 vesicles.
Overexpressed Atg9 aberrantly accumulates at the Golgi apparatus
Recently, novel Atg9-containing tubulovesicular structures (Atg9 reservoirs) have been proposed to exist (Mari et al., 2010) . In cells expressing Atg9-GFP via the TPI1 promoter, the Atg9 reservoirs have been observed adjacent to mitochondria (in these cells, Atg9-GFP was expressed eightfold higher than endogenous Atg9; Mari et al., 2010) . However, the reported features of the Atg9 reservoirs were significantly inconsistent with our observations. Furthermore, we have noticed that when Atg9-GFP is overexpressed via the TDH3 promoter, immobile Atg9-containing structures were observed frequently at the Golgi apparatus (83%; Figs. 3 D and S4 A) and occasionally adjacent to mitochondria (36%; Fig. 3 D) and endosomes ( Fig. S4 A) . Therefore, the TPI1 promoter was used to express Atg9-GFP, and we found that immobile Atg9-containing structures, which are similar to those observed when Atg9 was overexpressed under control of the TDH3 promoter, were formed in these cells (Fig. 3 E and Video 6) . These aberrant accumulations were likely caused by excess expression of Atg9 ( Fig. 3 F) but not by expression via the exogenous promoter because the Atg9 vesicles were substantially generated with low expression via the CYC1 promoter, and such aberrant accumulations were not observed (Video 6). We also found that, even in cells overexpressing Atg9-GFP, a significant number of mobile Atg9 vesicles were still observed in addition to the immobile Atg9 clusters accumulated at the Golgi apparatus from a single representative experiment out of three repeats. (E) Immunoisolation of Atg9-containing structures. atg11 atg17 pep4 cells expressing Atg9-6×FLAG were converted to spheroplasts (nutrient [Nut.]) and then treated with rapamycin for 2 h (Rap.). The spheroplasts were ruptured by passage through membrane filters with 5-µm pores. After a centrifugation at 50,000 g for 15 min, the supernatants (S 50 ) were subjected to immunoisolation using the anti-FLAG antibody. The bound materials were eluted with 3×FLAG peptide and subjected to immunoblotting using antibodies against Atg9, Dpm1 (ER), Tim50 (mitochondria), Vph1 (vacuole), and Pgk1 (cytoplasm). Un, unbound fractions; E25×, eluted fractions concentrated 25-fold. (F) Size distribution profiles of the isolated Atg9-containing structures. The eluted fractions of E were subjected to DLS measurement. (G and H) Atg9-containing structures were immunoisolated from cells expressing both Atg9-6×FLAG and Atg9-3×BAP (3× biotinylated tag) and then subjected to negative staining EM. In G, the Atg9containing structures were labeled with streptavidin-conjugated Qdots (Invitrogen). Arrowheads indicate Qdots. (I) CSE4-GFP cells were observed at 30 ms/frame. Arrowheads indicate kinetochore clusters consisting of 80 molecules of Cse4-GFP. Outlines indicate the edges of cells. (J) ATG9-2×GFP atg11 atg17 cells and CSE4-GFP cells were grown to logarithmic phase (nutrient) and then either starved for 2 h (Stv.) or treated with rapamycin for 2 h (Rap.). The fluorescence intensities of each GFP cluster (Atg9-2×GFP vesicle or Cse4-GFP kinetochore cluster) were quantified. Background signals of cytoplasmic regions were subtracted. The mean intensity of the Cse4-GFP kinetochore cluster is set to 80 U. Error bars indicate standard deviation. a.u., arbitrary unit. Figure 3 . Atg9 vesicles are generated de novo during starvation. (A) ATG9-2×GFP atg11 atg17 cells were either starved for 2 h or treated with rapamycin for 2 h. The number of Atg9 vesicles per cell section was counted. This experiment was completed once (n > 135). Nut., nutrient; Stv., starved; Rap., rapamycin. (B) ATG9-2×Kaede atg11 atg17 cells were treated with rapamycin for 1 h (before UV) and then irradiated with 365-nm UV (after UV). The cells were subjected to chase incubation for 3 h (chase, 3 h). (C) ATG9-2×GFP atg11 atg17 cells lacking Atg23 and/or Atg27 were treated with rapamycin for 3 h (see also Video 5). Anp1-mCherry (Golgi) and Vph1-mCherry (vacuole) were used as organelle markers. Arrowheads and arrows indicate Atg9-GFP clusters accumulated at and adjacent to the Golgi apparatus, respectively. The number of mobile Atg9 dots and immobile Atg9 dots per cell section was counted. This experiment was completed once (n > 250). Single asterisks indicate, in these mutant cells, very small mobile Atg9 dots that were observed but not counted. The double asterisk indicates, in atg23 cells, immobile Atg9 dots that were occasionally located at or adjacent to the Golgi apparatus (42%). (D) Cells expressing Atg9-GFP via the TDH3 promoter were observed at 32 ms/frame. Anp1-mCherry (Golgi) and Idh1-mCherry (mitochondria) were used as organelle markers. Arrowheads and arrows indicate immobile Atg9-GFP clusters adjacent to the Golgi apparatus and mitochondria, respectively. (E) Cells expressing Atg9-GFP via the ATG9 promoter, CYC1 promoter, TPI1 promoter, or TDH3 promoter were observed at 32 ms/frame (see also Video 6). When Atg9-GFP was expressed via the TPI1 promoter or TDH3 promoter, the excitation laser intensity was lowered to 6% with a neutral density filter. (F) Total cell lysates were prepared from the cells used in E and subjected to immunoblotting. Some samples were diluted 10-fold (10× dil). WT, wild type. After starvation, nutrient-rich medium was added to the culture and incubated for 15 min (re-add, 15 min). Nut., nutrient. (B) ATG9-2×GFP atg1 D211A atg11 cells were treated with rapamycin for 1 h. Atg1 D211A -mCherry (PAS), Vph1-TagRFPT (vacuole), Anp1-TagRFPT (Golgi), and Idh1-TagRFPT (mitochondria) were used as organelle markers. The Atg9-2×GFP clusters observed in these cells represent the PAS (labeled with Atg1 D211A -mCherry) but not clusters accumulated at the Golgi apparatus (labeled with Anp1-TagRFPT). (C) Cytoplasmic Atg9 vesicles individually assemble to the PAS. ATG9-2×GFP atg1 D211A -mCherry atg11 cells were treated with rapamycin for 1 h and observed at 32 ms/frame (see also Video 8). Arrows and arrowheads indicate cytoplasmic mobile Atg9 vesicles and Atg9 clusters assembled at the PAS, respectively. Outlines indicate the edges of cells. (D) Intracellular behavior of Atg9-2×GFP is altered in a manner dependent on autophagosome formation. ATG9-2×GFP ypt7 cells and ATG9-2×GFP ypt7 atg11 atg17 cells were starved for 4 h and observed at 32 ms/frame (see also Video 9). Arrowheads indicate immobile Atg9-positive structures. (E) Atg9 localizes around the autophagosome. ATG9-2×GFP mCherry-Atg8 ypt7 atg11 cells were starved for 4 h and observed at 3,000 ms/frame. The rectangle indicates the autophagosome analyzed in F. (F) The autophagosome highlighted in E was analyzed using the line scan analysis function of MetaMorph software. (G) The cells used in E were starved for 4 h and subjected to EM. AP, autophagosomes.
to the autophagosomal outer membrane (Fig. 5 D) . Therefore, we conclude that in ypt7 cells, Atg9 is embedded in the autophagosomal outer membrane.
Next, we performed immunoisolation using wild-type cells, in which autophagosomes do not accumulate in the cytoplasm. By the immunoisolation of Atg9-6×FLAG, a lipidated form of Atg8 (Atg8-phosphatidylethanolamine [PE]; Ichimura et al., 2000) , but not a free from of Atg8, was coisolated with Atg9-6×FLAG in a manner dependent on autophagy ( Fig. 5 E,  lane 6) . The coisolated Atg8-PE was completely converted to a free from of Atg8 by an externally added recombinant Atg4, a deconjugation enzyme of Atg8-PE (Fig. 5 E, lanes 6-8) , indicating that the Atg8-PE was not enclosed by a membrane. These results suggest that Atg9 exists on unsealed membranes enriched in Atg8-PE, i.e., the isolation membranes. Based on these results, we conclude that Atg9 is embedded in the isolation membrane and is ultimately localized to the autophagosomal outer membrane. These observations suggest that the Atg9 vesicles themselves become part of the isolation membranes and the autophagosomal membranes.
Only a few Atg9 vesicles assemble to the
PAS and contribute to a single round of autophagosome formation
To estimate how many Atg9 vesicles are involved in a single round of autophagosome formation, we investigated the number of Atg9 vesicles assembling at the PAS by quantitative fluorescence microscopy. Atg9-2×GFP signals merged with the PAS marker Atg17-2×mCherry had an intensity of 144 GFP units (corresponding to 72 molecules of Atg9-2×GFP) in the starvation condition ( Fig. 6 A) . This quantitation revealed that during starvation, approximately three Atg9 vesicles (each Atg9 vesicle contains 27 molecules of Atg9-2×GFP as shown in Figs. 2 F and 6 A) assemble at the PAS.
Next, we investigated whether only a small number of Atg9 vesicles are required for autophagosome formation or whether, instead, a larger population of Atg9 vesicles engages in repeated cycles of fusion with and retrieval from the isolation membrane. To this end, we analyzed the flux of Atg9 vesicles at the PAS using FRAP analysis. After photobleaching, GFP-Atg8 fluorescence recovered to a plateau with an 23-s half-recovery time, but Atg9-2×GFP fluorescence did not recover at all within 150 s (Fig. 6, B and C) , indicating that no additional assembly of Atg9 vesicles to the PAS occurred at the later step of autophagosome formation. These results suggest that the initially assembled Atg9 vesicles are sufficient to accomplish a single round of autophagosome formation.
Next, we compared Atg9-2×GFP fluorescence intensity between Atg9 vesicles and autophagosomal membranes. As shown in Fig. 4 E, the Atg9-2×GFP signals on the autophagosomal membranes could be observed as ring-shaped objects in long exposures (3,000 ms/frame); however, short-exposure observations at 30 ms/frame revealed that Atg9-2×GFP formed several clusters moving on the autophagosomal membranes ( Fig. 6 D and Video 10) . The intensities of these clusters were comparable to those of the cytoplasmic Atg9 vesicles (Fig. 6 D) , suggesting that even after the completion of vesicles were generated normally in the absence of Ypt7; however, after prolonged starvation, immobile Atg9-positive structures were formed concomitant with a decrease in the number of cytoplasmic mobile Atg9 vesicles ( Fig. 4 D and Video 9). These immobile structures were not observed in ypt7 atg11 atg17 cells ( Fig. 4 D and Video 9) . In longexposure observations, these structures could be visualized as ring-shaped objects surrounding the autophagosomal content marker mCherry-Atg8 (Fig. 4 E) . The ring-shaped structure highlighted in Fig. 4 E was 500 nm in diameter, consistent with the size of the autophagosomes observed by EM (Fig. 4,  F and G) . In addition, the ring-shaped Atg9 signals were not dispersed even after nutrient readdition (Fig. S5 C) . These observations raised the possibility that Atg9 is localized to the autophagosomal membranes.
Atg9 is embedded in the autophagosomal outer membrane
To further investigate whether Atg9 is present on the autophagosomal membranes, total cell lysates prepared from starved ypt7 cells were subjected to density gradient centrifugation ( Fig. 5 A) . Upon autophagosome formation, GFP-Atg8, Atg1, and a proform of Ape1 (prApe1), all of which are enclosed within autophagosomes , were distributed to fractions 4-10 ( Fig. 5 A, ypt7) . Under these conditions, Atg9 co-migrated with the autophagosomal contents (GFP-Atg8, Atg1, and prApe1) in a manner dependent on autophagosome formation (as when comparing ypt7 with ypt7 atg11 atg17). These results suggest that Atg9 was localized in or on the autophagosomes. Next, we harvested autophagosome-enriched fractions and subjected them to proteinase K treatment. As shown in Fig. 5 B , a large population of Atg9 was proteolytically degraded even in the absence of a detergent, whereas the autophagosomal contents (GFP-Atg8, prApe1, Atg1, and Bmh1, a nonselective cargo) were resistant to proteinase K treatment. Thus, Atg9 is exposed outside the autophagosomal membranes.
Next, we investigated whether Atg9 is embedded in the autophagosomal outer membrane or merely associated with its surface. When total cell lysate was prepared from the cells deficient in autophagosome formation (ypt7 atg11 atg17), the large majority of Atg9 was recovered in the low-speed supernatant (Fig. 5 C, lane 3) , indicating that the Atg9 vesicles did not pellet under these conditions. In contrast, upon autophagosome formation, about one half of Atg9 was recovered to the pellet fraction together with GFP-Atg8 and prApe1 ( Fig. 5 C, lane 5 ), suggesting that Atg9 was precipitated with the autophagosomes, again consistent with the results of the density gradient centrifugation (Fig. 5 A) . Furthermore, a significant portion of Atg9 was recovered in the pellet fraction even after treatment with a denaturing agent, 2 M urea ( Fig. 5 C, lane 11) or 5 M urea (not depicted). These results suggest that Atg9 is not merely associated with the autophagosome surface via protein-protein interaction but is rather embedded in the autophagosomal outer membrane. Immuno-EM analysis also supported these results; gold particles representing Atg9-6×HA were detected in close proximity Figure 5 . Atg9 is embedded in the autophagosomal outer membrane. (A) Atg9 co-migrates with autophagosomes. ypt7 cells and ypt7 atg11 atg17 cells expressing GFP-Atg8 were converted to spheroplasts, treated with rapamycin for 5 h, and then ruptured by passage through a membrane filter with 5-µm pores. After removal of cell debris, the total lysates were loaded onto 8-30% (vol/vol) OptiPrep linear gradients and centrifuged at 200,000 g for 1 h. Van1 (Golgi) and Pep12 (endosome) were used as organelle markers. prApe1, a proform of Ape1; Btm, bottom. (B) Atg9 is exposed outside the autophagosomal membrane. After density gradient centrifugation, the autophagosome-enriched fractions (fractions 8-10 in A) were mixed, divided into three aliquots, and then treated with 100 µg/ml proteinase K (PK) for 20 min on ice with or without 0.3% Triton X-100 (TX-100). To exclude free Atg9 vesicles, fractions 8-10 were used as autophagosome-enriched fractions. proc. GFP, the processed form of GFP moiety; deg. prApe1, the degraded form of prApe1. (C) Total lysates were prepared as in A from ypt7 cells and ypt7 atg11 atg17 cells treated with rapamycin for 5 h. The total lysates (T) were either treated with 2 M urea or 200 µg/ml proteinase K for 20 min on ice or mock treated (buffer) and then separated into pellet (P 17 ) and supernatant (S 17 ) fractions by centrifugation at 17,400 g for 15 min. (D) ATG9-6×HA ypt7 cells were treated with rapamycin for 3 h and then subjected to pre-embedding immuno-EM using anti-HA antibody. Arrowheads indicate gold-enhanced NanoGold particles. (E) Wild-type (WT) cells and atg11 atg17 cells expressing Atg9-6×FLAG were converted to spheroplasts and treated with rapamycin for 2 h. Total lysates were prepared as in A. Total lysates were centrifuged at 15,000 g for 10 min; supernatant fractions (S 15 ) were subjected to immunoisolation using the anti-FLAG antibody and eluted with the 3×FLAG peptide. The eluted fraction (lane 6) was treated with 1 µM recombinant Atg4 for 10 min at 30°C (lane 8) or mock treated (lane 7). Atg9-6F, Atg9-6×FLAG; prPho8, a proform of Pho8; Un, unbound fractions; E50×, eluted fractions concentrated 50-fold. as single-membrane vesicles of 30-60-nm diameter (Figs. 1 and  2) and designated them Atg9 vesicles. Furthermore, by use of the improved microscopy, we succeeded in the observation of their intracellular dynamics with high temporal resolution (10-20 ms/frame) and demonstrated that the Atg9 vesicles are highly mobile within the cytoplasm, whereas in the previous analyses, their spatiotemporal information could be lost with a long-exposure observation or acquisition of a set of z-plane images (deconvolution). The improved microscopy allowed us to investigate in detail the biogenesis of Atg9 vesicles and their subsequent assembly to the PAS as well as the novel roles of Atg23 and Atg27 (Fig. 3 C) . We also revealed that after assembly to the PAS, the Atg9 vesicles are incorporated into the isolation membrane and subsequently the autophagosomal outer membrane (Figs. 5 and 6). These findings provide the first experimental evidence that the cytoplasmic mobile Atg9 vesicles directly contribute to autophagosome formation as at least one of the sources for the autophagosomal membranes.
An important question addressed by our results is the number of Atg9 vesicles involved in autophagosome formation. During starvation, approximately three Atg9 vesicles initially assemble to the PAS (Fig. 6 A) , but no additional Atg9 vesicles are required for later steps of autophagosome formation (Fig. 6, B and C) . From these findings, we propose a model wherein only a small number of Atg9 vesicles are required for a single round of autophagosome formation; these initially assembled Atg9 vesicles themselves become part of the isolation membrane (Fig. 7) . Our findings also indicate the existence of a vesicle-mediated process at the early step of autophagosome formation.
Furthermore, we suggest that although Atg9 vesicles certainly supply lipid bilayers to the autophagosomal membranes, only a small quantity of lipids would be supplied via these vesicles. Thus, other lipid sources should still be considered autophagosome formation, Atg9 molecules derived from the initially assembled several Atg9 vesicles are retained on the autophagosomal membrane.
Atg9 vesicles are recycled after autophagosome formation
As represented in Fig. 7 , after the fusion of the autophagosomal membrane with the vacuolar membrane, the Atg9 molecules retained on the autophagosomal outer membrane would be located onto the vacuolar membrane; however, Atg9 was not detected on the vacuolar membrane even after prolonged starvation (not depicted). This result raised the possibility that the Atg9 vesicles used for autophagosome formation are recycled back to the cytoplasm. To examine whether the Atg9 vesicles are recycled, we used Atg9-2×Kaede cells. We hypothesized that if more than two Atg9 vesicles (for example, the green fluorescent Atg9 vesicle and the red fluorescent Atg9 vesicle) are used for a single round of autophagosome formation and eventually recycled as new Atg9 vesicles, Atg9 vesicles exhibiting merged fluorescence will be detected after autophagosome formation. As shown in Fig. 6 (E and F) , after prolonged incubation for 6 h, the number of merged Atg9 vesicles increased significantly in an autophagy-dependent manner (as when comparing wild-type cells with atg11 atg17 cells; Fig. 6, E and F) . These results suggest that Atg9 molecules derived from multiple vesicles comingle during the process of autophagosome formation and are eventually recycled as new Atg9 vesicles.
Discussion
Atg9-containing structures have been predicted to be a source of the autophagosomal membranes, but until now, the property of these structures has remained poorly understood. In this study, we identified specific Atg9-containing structures Figure 7 . Involvement of Atg9-containing structures in the membrane dynamics of autophagy. Atg9 vesicles are derived from the Golgi apparatus as single-membrane structures with a diameter of 30-60 nm. During starvation, a small number of Atg9 vesicles assemble to the PAS to become part of the isolation membrane and ultimately part of the autophagosomal outer membrane. After autophagosome formation, Atg9 clusters remaining on the outer membrane are recycled back to the cytoplasm: (i) Atg9 vesicle recycling is coupled with fusion of the autophagosomal outer membrane with the vacuolar membrane; or (ii) the Atg9 vesicle is recycled from the vacuolar membrane (alternatively, Atg9 is translocated to the endosome or the Golgi apparatus by retrograde transport and generated via the Golgi-related secretory system as well as the biogenesis of Atg9 vesicles). The asymmetrical distribution of Atg9 on the outer membrane would allow Atg9 to avoid degradation and to be recycled back to the cytoplasm. IM and OM, autophagosomal inner and outer membranes, respectively.
for autophagosome formation would be recycled immediately after the early step that requires mAtg9 function. The differences between the yeast Atg9 vesicles and mAtg9-containing structures should be elucidated in the future. Furthermore, the mechanisms whereby mAtg9 is translocated from the trans-Golgi network or endosomes to the autophagosomes are poorly understood. Unidentified mAtg9-containing structures, such as the Atg9 vesicles in yeast, could also exist in mammalian cells. Our findings will facilitate advances in elucidating the molecular basis of the initial step of autophagosome formation in both yeast and mammals.
Materials and methods
Yeast strains and media Saccharomyces cerevisiae strains used in this study are listed in Table S1 . Standard protocols were used for yeast manipulations (Kaiser et al., 1994) . Cells were cultured at 30°C in SD/CA medium (0.17% yeast nitrogen base without amino acids and ammonium sulfate, 0.5% ammonium sulfate, 0.5% casamino acids, and 2% glucose) supplemented with appropriate nutrients. Autophagy was induced by transferring the cells to SD(-N) medium (0.17% yeast nitrogen base, without amino acids and ammonium sulfate, and 2% glucose). Otherwise, to induce autophagy, cells and spheroplasts were treated with 0.2 and 0.5 µg/ml rapamycin (Sigma-Aldrich), respectively.
Cells expressing GFP-, mCherry-, TagRFPT (TagRFP with S158T mutation; Evrogen)-, Kaede-, 6×HA-, or 3× biotin acceptor peptide (BAP; 3× biotinylated tag; van Werven and Timmers, 2006)-tagged proteins with a 17-residue linker (GGAAGGSSASGASGASG) were generated using the pYM series (Janke et al., 2004) with minor modifications by a PCR-based gene modification method (Janke et al., 2004) . Gene deletions were performed using the pFA6a-kanMX6 series (Janke et al., 2004) as described previously (Janke et al., 2004) . Cells expressing Atg9 via the TDH3 promoter and the CYC1 promoter were generated by a PCR-based gene modification method using pYM-N15 and pYM-N11, respectively (Janke et al., 2004) . Cells expressing Atg9 under control of the TPI1 promoter were generated as follows: a DNA fragment including the TPI1 promoter (900-bp upstream region of the TPI1 gene) was amplified from yeast genomic DNA (primers 5-GGCCGGATCCTCTTCAGATTCCCTCATGGAGAAAG-3 and 5-GGCCAAGCTTTTTTAGTTTATGTATGTGTTTTTTG-3), digested with BamHI and HindIII, and inserted into the BamHI-HindIII site of pFA6a-hphNT1 (Janke et al., 2004) . A DNA fragment including the TPI1 promoter and hphNT1 drug resistance cassette was amplified from the resultant plasmid (primers 5-GAGTATCTCACTTTGATAAGAAGACATTTAAGAACAGCCT-GAAATATCAAAATCACGGAATATCGATGAATTCGAGCTCG-3 and 5-CGCGATAAGAAAGTATTCTTCCCATGAGAGTTGGGTAACTGGTATT-CATCTCTCTCCATTTTTAGTTTATGTATGTGTTT-3) and integrated into the chromosome upstream of the ATG9 gene.
Plasmids and other materials
The low-copy plasmid for expression of Atg9 under control of the ATG9's own promoter was constructed as follows: a DNA fragment including the ATG9 promoter, the ATG9 gene, and the ATG9 terminator (from a 500-bp upstream region of the initiation codon to a 270-bp downstream region of the termination codon of the ATG9 gene) was amplified from yeast genomic DNA (primers 5-GGGCCCGGTACCCTCGAGGTCTATACGGGTTCACAAATCTGG-3 and 5-GGCCGAGCTCAAAGAGAAAGAAAACTACGTGGCGG-3), digested with KpnI and SacI, and inserted into the KpnI-SacI site of pRS316 (Sikorski and Hieter, 1989) , yielding pRS316-ATG9. The low-copy plasmid for expression of Atg9-6×FLAG under control of the ATG9's own promoter was constructed as follows: to introduce the 6×FLAG DNA fragment, a BamHI-HindIII site was inserted into pRS316-ATG9 just upstream of the stop codon of the ATG9 gene by site-directed mutagenesis (QuikChange; Agilent Technologies; primers 5-CAAGAAGTCTGACGTCGGAAGAGG-ATCCTAATGATAGCCCAAGCTTGGCAGACTGTGTCGTGTACATC-3 and 5-GATGTACACGACACAGTCTGCCAAGCTTGGGCTATCATTAGGATCC-TCTTCCGACGTCAGACTTCTTG-3), resulting in pRS316-ATG9 (BamHI). A DNA fragment encoding 3×FLAG was amplified separately (primers 5-GGGAAAGGGCCGGATCCGACTACAAAGACCATGACGGTGACTACA-AAGATCATGATATCGATTATAAGG-3 and either 5-CCCTTTGGGCCAAGCTTT-TACTTATCATCATCATCCTTATAATCGATATCATGATCTTTGTAGTCACCG-3 or (Tooze and Yoshimori, 2010) . In mammalian cells, the ER membrane (Hayashi-Nishino et al., 2009; Ylä-Anttila et al., 2009) , the mitochondrial membrane (Hailey et al., 2010) , and the plasma membrane (Ravikumar et al., 2010) have been proposed as the sources for the autophagosomal membranes.
The notion that the Atg9 vesicles are unlikely to be major lipid suppliers for the autophagosomal membranes raises the possibility that these vesicles possess another vital function in autophagosome formation. In response to starvation, Atg9 vesicles assemble to the PAS just after the PAS scaffold proteins but before other Atg proteins (Suzuki et al., 2007) , probably via the direct interaction with Atg11 and/or Atg17 (He et al., 2006; Sekito et al., 2009 ). In addition, after the assembly to the PAS, the Atg9 vesicles become part of the isolation membrane ( Fig. 5 E) . These observations strengthen the idea that the Atg9 vesicles play an essential role in an early event of autophagosome formation, such as nucleation of the isolation membrane. The Atg9 vesicles could supply unidentified proteins that are required for subsequent membrane expansion. Alternatively, Atg9 itself could possess essential functions, such as recruitment of other Atg proteins to the PAS or onto the isolation membrane. Furthermore, we found that Atg9 is localized to the autophagosomal outer membrane but not the inner membrane (Fig. 5 B) . This asymmetrical distribution could be related to the function of Atg9, for example, sensing or regulation of membrane curvature. Proteomic and lipidomic analyses will provide important insights into the function of these vesicles. Comparison of the protein and lipid compositions of these vesicles with those of the isolation membrane (or other organellar membranes) will lead to a better understanding of membrane flow during autophagosome formation.
Another open question is the molecular mechanism of the transition undergone by Atg9 vesicles as they become part of the isolation membrane, a process that likely involves fusion of Atg9 vesicles. As shown in Fig. 4 A, even though Atg9 vesicles accumulate highly at the PAS, they do not fuse with each other in atg1 D211A atg11 cells, in which other Atg proteins are poorly recruited to the PAS (Suzuki et al., 2007) . Presumably, one or more downstream effectors are required for the fusion of Atg9 vesicles. Atg8-PE, which mediates tethering and hemifusion of liposomes in vitro (Nakatogawa et al., 2007) , is a candidate for the downstream effector that promotes membrane fusion. Other candidates include SNARE complexes or TRAPP-III tethering machinery, which are also involved in autophagy (Lynch-Day et al., 2010; Nair et al., 2011) .
Atg9 is highly conserved from yeast to mammals (mAtg9/ Atg9A/Atg9L1 in mammals; Young et al., 2006) . In mammalian cells, mAtg9 cycles between the trans-Golgi network and endosomes in response to nutritional changes, and a subpopulation of mAtg9 colocalizes with both LC3, a mammalian homologue of Atg8, and Rab7, a late endosomal protein (Young et al., 2006) . These observations imply that mAtg9-containing structures are directly implicated in the formation of autophagosomes; however, a recent study reported that mAtg9 interacts only transiently with autophagosomes, and mAtg9 is not incorporated into the autophagosomal membranes (Orsi et al., 2012) . One possibility is that in mammalian cells, mAtg9-containing structures used buffer (50 mM Hepes-KOH, pH 7.2, 1 M sorbitol, 1 mM DTT, 0.5% yeast extract, 1% bacto-peptone, and 1% glucose). For rapamycin treatments, the spheroplasts were cultured for 20 min at 30°C in spheroplasting buffer containing protease inhibitor cocktail (P8340; Sigma-Aldrich) and then treated with 0.5 µg/ml rapamycin for 2 h. The spheroplasts were washed twice with HSE buffer (25 mM Hepes-KOH, pH 7.2, 750 mM sorbitol, and 5 mM EDTA) and then ruptured by passage through a membrane filter with 5-µm pores (Millipore) in HSE buffer. After removal of cell debris by centrifugation at 700 g for 5 min, the total lysate was centrifuged at 50,000 g for 15 min. The resulting supernatant was incubated with the anti-FLAG antibody (M2; Sigma-Aldrich) and protein G-Dynabeads (Invitrogen) for 3 h at 4°C in HSE buffer. The bound materials were washed twice with HSE buffer and then eluted for 1 h at 16°C with 2 mg/ml 3×FLAG peptide (Sigma-Aldrich) in HSE buffer containing 0.1% BSA (Sigma-Aldrich).
For immunoisolation of the isolation membrane, total lysate was prepared from wild-type cells expressing Atg9-6×FLAG as described in the previous paragraph. The total lysate was brought to a final concentration of 125 mM KCl and then centrifuged at 15,000 g for 10 min. The resulting supernatant fraction was incubated for 5 h at 4°C with the anti-FLAG antibody and protein G-Dynabeads in HSE buffer. The bound materials were washed four times with HSE buffer and then eluted for 1 h at 16°C with 2 mg/ml 3×FLAG peptide in HSE buffer.
DLS measurement
The size distribution of the Atg9 vesicles and FluoSpheres (Invitrogen) was analyzed using a size measurement system (Zetasizer Nano S; Malvern Instruments). Viscosity of the buffer used in Fig. 2 B was determined to be 1.365 cP using a viscometer system (AMVn; Anton Paar).
FRAP analysis
ATG9-2×GFP mRFP-APE1 cells or GFP-ATG8 mRFP-APE1 cells were loaded onto Concanavalin A-coated glass-bottom dishes (Asahi Glass), and the dishes were set on a heated stage (30°C). Cells were observed with a microscope (LSM 510 META; Carl Zeiss) combined with imaging device (ConfoCor 3) using a C-Apochromat 40×, 1.2 NA UV-visible infrared differential interference contrast water immersion objective (Carl Zeiss). A 488-nm Argon+ laser and a 594-nm He-Ne laser were used for excitation of GFP and mRFP, respectively. The fluorescence signals were selected using BP505-540 IR (GFP channel; Carl Zeiss) and BP615-680 IR (mRFP channel; Carl Zeiss) filters after separation through a dichroic mirror (NFT 600; Carl Zeiss). Two independent avalanche photodiodes in the ConfoCor3 system were used for detection of each fluorescence signal. After a PAS region was chosen for photobleaching using the mRFP channel, GFP molecules in the region of interest were photobleached by one iteration of irradiation with a 488-nm Argon+ laser. Fluorescent images were captured at 5-s intervals, and fluorescence intensities were determined using ImageJ version 1.43 software (National Institutes of Health).
EM
EM was conducted by Tokai-EMA, Inc. Cells were sandwiched between copper grids and rapidly frozen in liquid propane (175°C) using a cryopreparation chamber (EM CPC; Leica) followed by substitution fixation in 2% osmium tetroxide dissolved in acetone containing 3% distilled water. Samples were embedded in Quetol-651. EM was performed using a transmission electron microscope (JEM-1200EX; JEOL). Negative staining EM was performed as follows: isolated Atg9 vesicles or FluoSpheres were applied to a carbon-coated 400-mesh copper grid and stained with 1% phosphotungstic acid for 5 min at room temperature.
Pre-embedding immuno-EM was performed as follows: cells were spheroplasted as described in the Immunoisolation section, treated with 0.2 µg/ml rapamycin for 3 h, and then fixed for 30 min at room temperature with 3% paraformaldehyde and 0.05% glutaraldehyde in 25 mM Hepes-KOH, pH 7.2, 750 mM sorbitol, and 100 mM NaCl. The spheroplasts were permeabilized for 5 min at 4°C with 0.05% saponin followed by treatment for 30 min at 4°C with 0.5% BSA and 10 mM glycine and then incubated for 2 h at 4°C with the anti-HA antibody (HA-7; Sigma-Aldrich). The samples were incubated for 1 h at 4°C with the Nanogoldlabeled Fab fragment of goat anti-mouse IgG (Nanoprobes) and then fixed for 10 min at room temperature with 1.5% glutaraldehyde followed by treatment for 10 min with 0.5% BSA and 10 mM glycine. After signal enhancement using an EM kit (GoldEnhance; Nanoprobes), the samples were fixed with 0.5% osmium tetroxide, dehydrated, and embedded in Quetol-651. Negative staining EM and pre-embedding immuno-EM were performed using a transmission electron microscope (H-7500; Hitachi).
5-GGGGATCCCCTCCTCCTCCTCCACCACCACCAGGAGGATGGA-GTCATCCACAATTTGAAAAAGGGGGGTGGTCCCACCCC-3). The amplified fragment was digested with BamHI and HindIII and inserted into the BamHI-HindIII site of pRS316-ATG9(BamHI), yielding pRS316-ATG9-3×FLAG. Furthermore, a DNA fragment encoding 3×FLAG (BamHI-3×FLAG-BamHI) was amplified (primers 5-GGGAAAGGGCCGGATCCGACTACAAA-GACCATGACGGTGACTACAAAGATCATGATATCGATTATAAGG-3 and 5-CCCTTTGGGCCGGATCCTTACTTATCATCATCATCCTTATAATCGA-TATCATGATCTTTGTAGTCACCG-3), digested with BamHI, and inserted into the BamHI site of pRS316-ATG9-3×FLAG, yielding pRS316-ATG9-6×FLAG.
The low-copy plasmid for expression of GFP-Atg8 under control of the ATG8's own promoter (pRS316-GFP-ATG8/AUT7) was described previously . The monomeric RFP (mRFP)-Ape1 expression construct was a gift from D.J. Klionsky (University of Michigan, Ann Arbor, MI). The auxin-inducible degron (AID) construct was a gift from M. Kanemaki (National Institute of Genetics, Shizuoka, Japan). Anti-Atg9 polyclonal antibodies were raised against synthetic peptides corresponding to residues 1-15, 74-89, and 138-156 of Atg9. Anti-Atg23 polyclonal antibodies were raised against synthetic peptides corresponding to residues 253-266 of Atg23. Anti-Atg27 polyclonal antibodies were raised against synthetic peptides corresponding to residues 40-54 of Atg27. Anti-Van1 polyclonal antibodies were a gift from K. Yoda (The University of Tokyo, Tokyo, Japan).
Fluorescence microscopy
Fluorescence microscopy was performed at room temperature using an inverted fluorescence microscope (IX71; Olympus) equipped with an electron-multiplying charge-coupled device camera (ImagEM C9100-13; Hamamatsu Photonics) and 150× total internal reflection fluorescence objective (UAPON 150×OTIRF, NA 1.45; Olympus). A 488-nm blue laser (20 mW; Spectra-Physics) and a 561-nm yellow laser (25 mW; Cobalt) were used for excitation of GFP and mCherry/TagRFPT, respectively. To increase image intensity and decrease background intensity, specimens were illuminated with a highly inclined laser beam (Tokunaga et al., 2008) . For simultaneous observation of GFP and mCherry/TagRFPT, both lasers were combined and guided without an excitation filter. Fluorescence was filtered with a dichroic mirror (Di01-R488/561-25; Semrock) and a band pass filter (Em01-R488/568-25; Semrock) and separated into two channels using a splitter (U-SIP; Olympus) equipped with a dichroic mirror (DM565HQ; Olympus). The fluorescence was further filtered with a band pass filter (FF02-525/50-25; Semrock) for the GFP channel and a band pass filter (FF01-624/40-25; Semrock) for the mCherry/TagRFPT channel. Images were acquired by AQUACOSMOS software (Hamamatsu Photonics) and processed by AQUACOSMOS software or MetaMorph software (Molecular Devices).
Single-particle tracking data analysis
Precise positions of individual puncta were determined with an 2-nm accuracy in 2D by fitting the 13 × 13-pixel region fluorescent image using the 2D Gaussian function (Yildiz et al., 2003) f(x, y, z) = I 0 exp[{(x  x 0 ) 2 +(y  y 0 ) 2 }/ 1 ] + (x + y + C), in which I 0 is the peak intensity, (x 0 , y 0 ) is the position of the punctum, and (x + y + C) is the background intensity. When I 0 was larger than the arbitrary set value we determined for each experiment, the position (x 0 , y 0 ) was used for the analysis of the next frame, otherwise the tracking of the position was terminated. When more than six subsequent frames were successfully tracked, the MSD was determined by the equation in which (x(jt + nt), y(jt + nt)) describes the particle position following a time interval of nt after the start position (x(jt), y(jt)), N is the total number of data points, n and j are positive integers, and t is the frame rate of the acquisition camera. The diffusion coefficient of individual puncta was calculated by fitting the MSD curves with a linear function as previously reported (Kusumi et al., 1993) . In brief, the MSD calculated by this function was plotted against t and fitted the plots with f (t) = 4D × t, in which D is the diffusion coefficient. Because fitting precision is greatly influenced by the number of points, four data points were used to fit the MSD curves.
Immunoisolation
For immunoisolation of the Atg9 vesicles, atg11 atg17 cells expressing Atg9-6×FLAG were treated with 10 mM DTT for 10 min at 30°C and then with 100 µg/ml Zymolyase 100T for 30 min at 30°C in spheroplasting
Online supplemental material Fig. S1 shows the statistical analyses of the Atg9 vesicles. Fig. S2 shows the accumulation of Atg9 at the Golgi apparatus in sec7 mutant cells. Fig. S3 shows the mislocalization of Atg9 in atg23 or atg27 cells. Fig. S4 shows the aberrant accumulation of Atg9 in cells overexpressing Atg9. Fig. S5 shows that Atg9 vesicles assembled to the PAS and were eventually incorporated into the autophagosomal membranes. Video 1 shows that Atg9 vesicles were highly mobile in the cytoplasm. Video 2 shows that the motion of Atg9 vesicles was not altered after the treatment with latrunculin A. Video 3 shows the accumulation of Atg9 at the Golgi apparatus in cells depleted of Sec7. Video 4 shows the accumulation of Atg9 at the Golgi apparatus in sec7 ts cells. Video 5 shows the mislocalization of Atg9 in atg23 or atg27 cells. Video 6 shows the aberrant accumulation of Atg9 in cells overexpressing Atg9. Video 7 shows that in response to starvation, cytoplasmic Atg9 vesicles assembled to the PAS. Video 8 shows that Atg9 vesicles assembled individually to the PAS. Video 9 shows that Atg9 localized onto the autophagosomal membranes. Video 10 shows that the intensity of Atg9-2×GFP clusters on the autophagosomal membrane was apparently comparable to that of the cytoplasmic mobile Atg9-2×GFP vesicles. Table S1 lists S. cerevisiae strains used in this study. Online supplemental material is available at http://www.jcb .org/cgi/content/full/jcb.201202061/DC1.
